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The major metal-containing species formed upon fast atom bombardment of amino acid/Ni+’ 
mixtures is the [M + Nil+ adduct, involving reduction of the Nif2 to the +1 oxidation state. 
By contrast, electrospray ionization of amino acid/Ni+2 mixtures produces predominantly 
[Ni(M - HIM]+; this species, on collisional activation, produces predominantly [M + Ni]’ by 
elimination of [M - HI, presumably a carboxylate radical. The unimolecular fragmentation 
reactions occurring on the metastable ion time scale for the [M + Nil+ adducts of a variety of 
a-amino acids have been recorded. The adducts with phenylalanine, a-aminoisobutyric acid 
and a-aminobutyric acid fragment by elimination of H,O, H,O + CO and, to a minor extent, 
by elimination of CO,. These reactions are similar to those observed for the [M + Cu]+ adducts 
of a-amino acids. A reaction distinctive for the [M + Ni]’ adducts involves formation of the 
immonium ion RCH=NHl. By contrast, the [M + Nili adducts with leucine, isoleucine, and 
norleucine show extensive metastable ion fragmentation by elimination of H,, CH,, C,H,, 
C,H,, and C,H,, with the relative importance of the different fragmentation channels 
depending on the configuration of the C,H, side chain. These results are interpreted in terms 
of C-C and C-H bond activation of the C,H, side chain by the Ni+. The adducts with valine 
and norvaline fragment in a fashion similar to the adduct with phenylalanine, except that 
minor elimination of C,H, is observed. (J Am Sot Mass Spectrom 1997,8,749-755) 0 1997 
American Society for Mass Spectrometry 
T here have been numerous studies of the fragmen- tation reactions of gaseous metal-cationated pep- tides [l-25], in part because the fragment ions 
observed provide potential information on the site of 
bonding of the metal cation to the peptide and, in part, 
in the hope that the fragmentation reactions observed 
will provide information as to the amino acid sequence 
in the peptide. Despite these extensive studies of metal- 
cationated peptides, there have been relatively few 
studies of the interaction of metal ions with a-amino 
acids, which are the constituents of the peptides. Bou- 
chonnet et al. [26] have reported a study of the forma- 
tion and fragmentation of the complexes of NiC, Cu’, 
Co+ and FeCI+ with six aliphatic a-amino acids. A 
report of the reactions of Cu+ and Fe’ with simple 
a-amino acids, as studied by laser desorption/chemical 
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ionization Fourier transform mass spectrometry, also 
has appeared 1271. We have reported 1281 a study of the 
unimolecular metastable ion fragmentation reactions of 
a variety of Cue-cationated a-amino acids prepared by 
fast atom bombardment (FAB). The major fragmenta- 
tion reactions observed involved loss of H,O, CO,, and 
(C, H,, O& from the [M + Cul’ ion. Recently, there 
have been a number of studies [29-331 of the ternary 
complexes ([Me(II)(RCOO)(L)l’) of amino acids with 
transition metal ions [particularly Cu(II)] and diimine 
ligands L. 
Doubly charged metal ions (Mew2), on interaction 
with amino acids or peptides, frequently form [M - 
H + Me]+ ions under conditions of FAB ionization 16, 
16, 221. However, we have observed that under FAB 
ionization the transition metal ion Nic2 forms [M + 
Nil+ adduct ions, obviously involving reduction of the 
Nit2 to the unusual +l oxidation state similar to that 
observed for Cu+’ [28]. (In an earlier report on the FAB 
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study, which appeared in JASMS On-Line, the adducts 
were incorrectly identified as [M - H + Nil+ adducts 
involving nickel in the +2 oxidation state.) In this article 
we report on the fragmentation reactions of these [M + 
Nil+ adduct ions produced from phenylalanine, a-ami- 
noisobutyric acid, and cY-aminobutyric acid, as repre- 
sentative of a-amino acids, as well as from the aliphatic 
amino acids leucine, isoleucine, norleucine, valine, and 
norvaline. The fragmentation reactions observed for the 
adducts with the latter amino acids show clear evidence 
for C-H and C-C bond activation of the hydrocarbon 
chain by the transition metal ion, similar to that ob- 
served in the reaction of singly charged transition metal 
ions with aliphatic amines in the gas phase [34-371. 
These unusual reactions, which have not been reported 
previously in the reaction of metal ions with amino 
acids or peptides, are discussed in detail in the follow- 
ing. In addition, the present results are compared with 
the results obtained previously for fragmentation of the 
[M + Cul’ adducts [27,28] and for fragmentation of the 
ternary amino acid complexes with transition metals 
and diimines [29-331. 
Experimental 
The FAB studies were carried out using a VG Analytical 
(Manchester, UK) ZAB-2FQ hybrid BEqQ mass spec- 
trometer that has been described in detail previously 
1381. Briefly, the instrument is a reversed-geometry (BE) 
double-focusing mass spectrometer with a third stage 
consisting of a deceleration lens system, a radiofre- 
quency (rf)-only quadrupole collision cell (q), and a 
quadrupole mass analyzer (Q). The [M + Nil+ ions of 
the amino acids and methyl esters were prepared by 
FAB (7 keV Ar”) of the amino acid or ester dissolved in 
glycerol that had been saturated with NiCl, or Ni(NO,), 
and to which a small amount of heptafluorobutyric acid 
had been added. To obtain relative intensities of frag- 
ment ions formed on the metastable-ion time scale, the 
appropriate [M + Nil+ ions were mass selected by the 
BE double-focusing mass spectrometer at 6 keV ion 
energy, decelerated to 20-40 eV ion kinetic energy, and 
introduced into the rf-only quadrupole cell in the ab- 
sence of collision gas. The products of unimolecular 
fragmentation in the quadrupole cell were measured by 
scanning the final quadrupole mass analyzer. To im- 
prove signal-to-noise ratios, 20-40 2 s scans were 
accumulated on a signal averager. All experiments 
involved the 58Ni isotope. 
The electrospray studies were carried out using a 
PE/SCIEX (Norwalk, CT) API III triple quadrupole 
mass spectrometer. A 1:l H,O/CH,OH solution 1 X 
10e5 molar in each of the amino acid and NiCl, was 
introduced into the electrospray source by means of 
direct injection at a flow rate of 20 PL per minute. 
Collision-induced dissociation studies were carried out 
by introduction of argon into the quadrupole collision 
cell with analysis of the fragmentation products by 
scanning the final quadrupole. 
The amino acids and methyl esters studied were 
obtained from the Aldrich Chemical Co., Milwaukee, 
WI or Bachem Biosciences, Inc., King of Prussia, PA. 
The ‘sO,-labeled amino acids were prepared by ex- 
change with H,‘sO according to the procedure given by 
Thorne et al. [391, with the exception that the exchange 
was carried out at -75 “C. The phenylalanine-d, methyl 
ester was prepared by reaction of the acid with meth- 
anolic HCl according to the procedure given by Knapp 
[40]. The H,‘sO and phenylalanine-da were obtained 
from Cambridge Isotope Laboratories, Andover, MA. 
Results and Discussion 
The major nickel-containing species in the FAB mass 
spectra was the [M + Nil+ adduct, obviously involving 
reduction of nickel from the +2 oxidation state to the 
+1 oxidation state. The ion signal for this adduct was 
generally relatively weak, amounting to only a few 
percent of the MH+ ion signal for the protonated amino 
acid or ester. In the electrospray mass spectra of the 
amino acids, the major nickel-containing species corre- 
sponded to [Ni(M - H)M]+ with an intensity lo%-30% 
of the MH+ ion signal. The methyl esters did not form 
adducts with nickel under electrospray conditions, sug- 
gesting that the (M - H) species is the carboxylate 
anion and that nickel is in the +2 oxidation state. The 
FAB mass spectra of the amino acid/nickel salt systems 
also showed weak signals corresponding to [Ni(M - 
H)M]+. Collision-induced dissociation studies of the 
adducts formed by electrospray showed that they frag- 
mented predominantly by elimination of neutral (M - 
H), presumably the carboxylate radical, to give [M + 
Nil+. 
The major part of the study was concerned with the 
unimolecular (metastable ion) fragmentation of the 
[M + Nil+ adducts produced by FAB ionization. To set 
the stage for the discussion of the fragmentation of the 
adducts with aliphatic amino acids, we discuss first the 
fragmentation reactions of the [M + Nil+ adduct with a 
typical nonaliphatic amino acid, phenylalanine. Fig- 
ure 1 presents the unimolecular metastable ion frag- 
mentation mass spectra obtained for the [M + Nil+ 
adducts with phenylalanine and its methyl ester. To 
obtain mechanistic information, we also have exam- 
ined the fragmentation reactions of the adducts with 
C,DsCD,CD(NH,)COOH (H-Phe-&-OH) and its methyl 
ester; these results are presented in Figure 2. 
The base peak in both metastable ion mass spectra of 
Figure 1 occurs at m /z 177 corresponding to elimina- 
tion of H,O + CO from the adduct with the acid and 
elimination of CH,OH + CO from the adduct with the 
ester. Significant ion signals are observed at m/z 205, 
corresponding to the first step in this fragmentation 
process. These peaks all shift by eight mass units in the 
metastable ion mass spectra of the adducts with the d, 
compounds (Figure 2), indicating that the carbon- 
bonded hydrogens are not involved in these elimination 
reactions. Minor loss of CO, also is observed in frag- 
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Figure 1. Metastable ion mass spectra of IM + Nil+ adducts of 
phenylalanine and phenylalanine methyl ester. 
mentation of the adduct with phenylalanine. Elimina- 
tion of H,O, H,O + CO, and CO, are the major 
fragmentation reactions observed for the [M + Nil+ 
adducts with nonaliphatic amino acids; these also are 
H-Phe-da-OH 
[M + Nil’, m/z 231 
231 
H-Phe-d,-OMe 
[M + Nil+, m/z 245 
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Figure 2. Metastable ion mass spectra of [M + Nil+ adducts of 
C,D,CD&D(NH,)COOH and C,D,CD,CD(NH,KOOCH,. 
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Figure 3. Metastable ion mass spectra of [M + Nil+ adducts of 
waminoisobutyric acid and waminobutyric acid. 
the major fragmentation modes of Cut-cationated 
amino acids [27, 281. In the fragmentation of the [M + 
Cu]’ adduct of phenylalanine-da, no involvement of 
the C-bonded deuteriums was observed in the elimina- 
tion of water or of water plus CO. This observation 
supports the postulate [28] that the structure of the 
[MCu-H,O-CO]+ ion is an imine coordinated to Cu+ 
(RCH=NH.Cu+). The same structure is likely in the Ni 
system. The major fragmentation reactions of the [M + 
Cu]’ and [M + Nil+ complexes, loss of H,O + CO, 
differ from that of the Cu(II)(RCOO)(L)]+ ternary com- 
plexes, which fragment primarily by loss of CO, [29- 
311. 
A significant ion signal is observed for fragmenta- 
tion of the adducts with both the acid and the ester at 
m/z 120, shifting to m/z 128 for the d, compounds. 
This fragmentation product, which is not observed in 
fragmentation of the Cut-cationated amino acids, 
presumably corresponds to the immonium ion 
C,H,CH,CH=NH: and involves elimination of Ni 
plus the carboxyl function from the adducts. While we 
have no information on the structure of the neutral(s) 
eliminated, one possibility is a carbon monoxide coor- 
dinated NiOH or NiOCH,, i.e., (CO)NiOR. A reaction 
specific to the adducts with the phenylalanine com- 
pounds is elimination of a neutral of mass 92, a reaction 
more pronounced for the ester. The spectra of Figure 2 
show that the resultant ion incorporates one of the 
C-bonded hydrogens. The neutral eliminated presum- 
ably is toluene; the structure of the ion is not clear but 
may correspond to NiOR+ coordinated by CO and 
HCN. Such a structure implies extensive activation of 
C-C and C-O bonds by the transition metal ion. 
Figure 3 shows the results obtained in the study of 
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Figure 4. Metastable ion mass spectra of [M + Nil+ adducts of 
valine and norvaline. 
the unimolecular fragmentation of the [M + Nili 
adducts of cY-aminoisobutyric acid and a-aminobutyric 
acid. The major fragmentation reactions observed are 
the same as those observed for the adduct with 
phenylalanine, viz. elimination of H,O, elimination of 
H,O + CO, and elimination of (Ni, C, 02, H) to form 
the ions of m/z 58; the latter fragmentation presum- 
ably forms (CH,),C=NH: for the isobutyric acid and 
C,H,CH=NHz for the butyric acid, with the former 
ion being more stable. Interestingly, a weak signal is 
observed at m/z 104 in both spectra corresponding to 
Ni, C, O,, l&l+; a plausible structure for this ion is Nit 
coordinated by CO and H,O. A weak signal also is 
observed in both spectra corresponding to elimination 
of a neutral of 28 mass units from the [M + Nil+ adduct; 
this neutral most likely is CO, although we cannot 
preclude a minor loss of C,H,, particularly for the 
adduct with c-Y-aminobutyric acid (see the example of 
the leucines below). 
Figure 4 shows the results obtained from a study of 
the unimolecular fragmentation reactions of the [M + 
Nil+ adducts with valine and norvaline. Again, the 
major fragmentation reactions observed are similar to 
those observed for the adducts with phenylalanine and 
the aminobutyric acids. The base peak results from 
elimination of H,O + CO with the second most intense 
ion signal corresponding to the immonium ion at m/z 
72 (C,H,CH=NH:). Minor peaks correspond to elim- 
ination of H,O and to elimination of CO (with a 
possible contribution from elimination of C,H,). A new 
feature of the spectra is the signal at m/z 133 corre- 
sponding to elimination of C,H, from the propyl group 
of the amino acid. 
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[M + Nil*, m/z 189 
161, 
Figure 5. Metastable ion mass spectra of [M + Nil+ adducts of 
leucine, isoleucine, and norleucine. 
Much more pronounced olefin elimination reactions 
are observed when the side chain of the amino acid is 
enlarged to C,H,. The spectra obtained for the unimo- 
lecular fragmentation of the adducts with leucine, iso- 
leucine, and norleucine (2-aminohexanoic acid) are pre- 
sented in Figure 5, while those for the methyl esters are 
presented in Figure 6. The intense signals correspond- 
ing to loss of 28 mass units from the adducts with 
isoleucine and norleucine led us to study the fragmen- 
tation of the adducts with the 180,-labeled amino acids. 
The results, shown in Figure 7, demonstrate that the 
major portion of the ion signal results from elimination 
of C2H, from the adducts, with only a minor portion 
resulting from elimination of CO. 
In contrast to the spectra recorded in Figures 1-4, the 
spectrum for the [M + Nil’ adduct of leucine shows 
only a minor peak for elimination of H,O + CO (m/z 
143), the major fragmentation reactions corresponding 
to elimination of H,, elimination of CH,, and elimina- 
tion of C,H,, with minor elimination of C,H,. The 
adduct with isoleucine does fragment by elimination of 
H,O, elimination of H,O + CO, and by elimination of 
CO,, as well as by formation of the immonium ion at 
m/z 86, similar to the fragmentation reactions of the 
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Figure 6. Metastable ion mass spectra of [M + Nil’ adducts of 
the methyl esters of leucine, isoleucine, and norleucine. 
adducts with phenylalanine and the valines. However, 
in addition, fragmentation by elimination of H,, elimi- 
nation of C,H,, and elimination of C,H, also occurs to a 
significant extent. The [M + Nil+ adduct of norleucine 
fragments almost exclusively by elimination of H2 and 
elimination of C,H4. The fragmentation reactions of the 
adducts with the methyl esters parallel very closely the 
fragmentation reactions of the adducts with the acids, 
as shown by a comparison of the spectra of Figure 6 
with the spectra of Figure 5. 
The spectra of the adducts with either the amino 
acids leucine, isoleucine, and norleucine, or their esters, 
provide a clear identification of the amino acid, al- 
though the practical application may be limited because 
of low signal intensities. By contrast, the Brernsted acid 
chemical ionization mass spectra [41] of the acids ate 
very similar, as are the FAB mass spectra [42]. Distinc- 
tion of the amino acids has been achieved from studies 
of the fragmentation reactions of the immonium ions 
observed in the FAB mass spectra [43-461. Leucine and 
isoleucine also are readily distinguished by the high 
energy CID mass spectra of the [M - H]- ions of the 
phenylthiohydantoin derivatives [47]. The fragmenta- 
tion reactions of the ternary complexes of leucine and 
isoleucine with Cuf2 and diimine ligands also provides 
a clear differentiation of the two amino acids [31]. 
ISOLEUCINE -IsO, 
[M + Nil’, m/z 193 
NORLEUCINE-“02 
[M + Nil* m/z 193 
43. 
{Hi% t C ‘*O) 
165,-C& 
1 ,lg3 
Figure 7. Metastable ion mass spectra of [M + Nil+ adducts of 
isoleucine-“0, and norleucine-‘802. 
The observation of H2, CH,, and olefin elimination 
from the [M + Nil+ adducts of the C,H9CH(NH2) 
COOR isomers clearly indicates C-C and C-H activa- 
tion of the hydrocarbon side chain by the transition 
metal ion. The fragmentation reactions observed are 
similar to those observed by Karrass and Schwarz 1361 
in the fragmentation of the [M + Nil’ adducts of 
aliphatic amines. Thus, they observed eiimination of H, 
(16%), CH4 (2%), and C3H, (78%) in metastable ion 
fragmentation of the i-butylamine/Ni+ complex and 
elimination of H, (7%), CH, (26%), and C,H, (64%) in 
metastable ion fragmentation of the neopentylaminel 
Nif complex. Through the use of extensive deuterium 
labeling, Kattass and Schwarz established detailed 
mechanisms involving initial C-H and C-C bond inser- 
tion reactions. Based on their mechanisms, we propose 
in Schemes 1-3 plausible pathways, involving initial 
C-H and C-C bond activation by the Ni+ ion, that lead 
to the observed elimination of HZ, CH4, C2H4, C,H,, and 
C,H,. In these schemes we have assumed that the 
reactive configuration of the [M + Nil’ adducts involve 
Ni+ bonded to the amine function. A similar C-H bond 
insertion by Ni’ can account for the minor elimination 
of C,H, from the [M + Nil” adducts of valine and 
norvaline. 
Conclusions 
The low energy fragmentation reactions of the [M + 
Nil+ adducts of a-amino acids such as phenylalanine 
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are similar to the low energy fragmentation reactions of 
the [M + Cu]’ adducts in showing elimination of H,O, 
elimination of H,O + CO, and elimination of CO,. The 
most significant difference lies in the formation of the 
immonium ion RCH=NHl from the [M + Nil+ ad- 
ducts. By contrast, the fragmentation reactions of the 
[M + Nil+ adducts with leucine, isoleucine, and nor- 
leucine are quite different than the fragmentation of the 
[M + Cu]’ adducts with the same amino acids. Al- 
though minor loss of H, from the [M + Cu]+ adduct is 
observed, the major fragmentation reactions involve 
elimination of H,O, H,O + CO, and CO2 [2&J]. Thus, in 
contrast to Nif, Cu+ does not activate the C-C or C-H 
bonds of the hydrocarbon side chain. This is in line with 
earlier work [48-501, which has shown that Cu’ is 
unable to activate the C-C or C-H bonds of hydrocar- 
bons. This undoubtedly is related to the d” configura- 
tion for Cu+, which results in weak Cu+-C and CuC-H 
bonds [511. On the other hand, one might expect the 
[M + Me]+ complexes with Me = Co and Fe to show a 
reactivity similar to that of the nickel complexes; how- 
ever, we have not been able to prepare significant yields 
of these complexes by FAB; presumably the metal ion 
cannot be reduced to the t-1 oxidation state. In electro- 
spray studies of amino acid cobalt salt solutions, the 
major ion observed was [Co(M - HIM]+, and this ion 
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fragmented by elimination of (M - H), as observed for 
the corresponding nickel complex. 
The activation of the bonds of the hydrocarbon side 
chain is not observed for the adducts with the cr-ami- 
nobutyric acids and is of only minor importance for the 
adducts with valine and norvaline. Examination of the 
schemes shows that most of the intermediates in the 
C-C and C-H bond activation involve five-membered 
rings that are less likely to be formed from the smaller 
aliphatic amino acids. In addition, our preliminary 
results indicate that fragmentation reactions involving 
the hydrocarbon side chain are not important for the 
[M + Nil+ adducts with peptides containing leucine or 
isoleucine and, therefore, do not provide an approach to 
distinguish leucine- and isoleucine-containing peptides. 
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